Holistic approach to dissolution kinetics : linking direction-specific microscopic fluxes, local mass transport effects and global macroscopic rates from gypsum etch pit analysis. Physical Chemistry Chemical Physics, Volume 15 (Number 6). pp. 1956pp. -1965pp. . ISSN 1463 Permanent WRAP url: http://wrap.warwick.ac.uk/54301/
characteristic etch pit features is proposed that allows important questions concerning dissolution kinetics to be addressed. Significantly, quantitative mass transport associated with reactive microscale interfaces in quiescent solution (well known in the field of electrochemistry at ultramicroelectrodes) allows the relative importance of diffusion compared to surface kinetics to be assessed. Furthermore, because such mass transport rates are high, much faster surface kinetics can be determined than with existing 15 dissolution methods. For the case of gypsum, surface processes are found to dominate the kinetics at early stages of the dissolution process (small etch pits) on the cleaved (010) surface. However, the contribution from mass transport becomes more important with time due to the increased area of the reactive zones and associated decrease in mass transport rate. Significantly, spatial heterogeneities in both surface kinetics and mass transport effects are identified, and the morphology of the characteristic etch features 20 reveal direction-dependent dissolution kinetics that can be quantified. Effective dissolution velocities normal to the main basal (010) face are determined, along with velocities for the movement of [001] and [100] oriented steps. Inert electrolyte enhances dissolution velocities in all directions (salting in), but a striking new observation is that the effect is direction-dependent. Studies of common ion effects reveal that Ca 2+ has a much greater impact in reducing dissolution rates compared to SO 4 2-. With this approach, 25 the new microscopic observations can be further analysed to obtain macroscopic dissolution rates, which are found to be wholly consistent with previous bulk measurements. The studies are thus important in bridging the gap between microscopic phenomena and macroscopic measurements.
Introduction
This paper introduces a simple, but powerful, approach for elucidating the rate of crystal dissolution, a process driven by undersaturation at the crystal/solution interface. 1, 2 In comparison to crystal growth, for which a wide body of experimental and 5 theoretical data are available, 3, 4 the kinetics and mechanisms of crystal dissolution are less well understood and new features continue to emerge. 5, 6 At the most basic level, the reliable elucidation of dissolution kinetics (and interfacial kinetics in general) requires the determination of the relative contributions of 10 mass transport (diffusion of dissolution products into bulk media) and surface reactions (processes resulting in the generation of soluble species at the crystal/solution interface). 1, 7 Traditional methods for the study of crystal dissolution have tended to be macroscopic, such as batch and column experiments 15 on particulates, 8, 9 as well as techniques that deliver well-defined mass transport, such as the rotating disk method, 10, 11 and channel flow cells. 12 More recently, microscopic and nanoscopic techniques such as atomic force microscopy (AFM), 8, 13, 14 scanning electrochemical microscopy (SECM) 15 and vertical 20 scanning interferometry (VSI) 4, 16 have been used to probe dissolution processes at the local level. While undoubtedly having a significant impact in terms of phenomenological observation, in situ AFM dissolution studies are often limited to either very slow processes or close to equilibrium conditions (for 25 fast processes) so that the reaction is compatible with the AFM time scale, thereby restricting the range of intrinsic kinetics accessible. 13 Furthermore, mass transport in AFM fluid cells, both at the nanoscale and macroscale, 17 is rather complex. It is noteworthy that it has not yet been possible to link nanoscale 30 dissolution kinetics, from AFM, to more conventional macroscopic flux measurements: there is a significant kinetic gap (typically by at least an order of magnitude). 6 Dissolution is often initiated on a crystal surface through the formation of etch pits at defect sites, giving rise to a 35 heterogeneously active surface. 8, 18 The morphologies of such etch features have been analysed to reveal information about the mode of action of crystal habit modifiers and dissolution/growth inhibitors, 2, 19 and dissolution kinetics for slow (surfacecontrolled) processes. 4b, 10, 20 In this paper we propose a powerful, 40 but simple, quantitative analysis of plane-specific dissolution kinetics by measuring the dimensions of individual characteristic etch pits formed at dislocations on freshly cleaved surfaces as a function of short, well-defined times. By coupling these observations to a diffusion model, the importance of mass 45 transport in dissolution can be elucidated readily, along with the evaluation of (plane-specific) interfacial concentrations and the deduction of direction-dependent kinetics. suggested mixed-kinetics. Despite this body of work, neither elementary directionspecific dissolution rates, nor common ion effects have been reported for gypsum dissolution. We recently reported the intrinsic dissolution kinetics of the basal (010) surface, but in 15 studies of the edge plane orientation, i.e. the (100) or (001) surface, we found dissolution to proceed at a diffusion-controlled rate, even with the high mass transport rates accessible from a channel flow cell. 30 This serves to highlight the general difficulty of measuring fast dissolution kinetics even with quite 20 sophisticated hydrodynamic techniques. The approach herein addresses these missing features, provides new intrinsic kinetic data for these fast moving planes, and leads to an holistic view of dissolution kinetics.
Experimental

25
Solutions
All solutions were prepared from ultrapure Milli-Q reagent grade water (Millipore) with a typical resistivity of 18.2 MΩ cm (25 o C). Salt solutions, each with an ionic strength (IS) of ≈ 0.2 M were prepared using either: (i) 75 mM Ca(NO 3 ) 2 ·4H 2 O (Sigma); 30 (ii) 75 mM Na 2 SO 4 (Fisher Scientific); or (iii) 0.2 M NaNO 3 (Aldrich). The IS and chemical speciation were calculated using the numerical code MINEQL+. 34, 35 Using this method, the solubility of gypsum, C sat (total concentration of dissolved calcium at equilibrium) was found to be ≈ 16.2 mM in pure H 2 O 35 which compares well to the value reported experimentally (≈ 15.1 mM). 28 C sat in the presence of NaNO 3 was calculated to be ≈ 32 mM.
Etch pit visualization and analysis
In order to enhance surface reflectivity, after each etching 40 experiment (for a specific time), samples were sputtered with gold (Sputter Coater Quorum Technologies) producing a uniform coating ≈ 12 nm thick across the surface, which was negligible compared to the dimensions of the etch features. The resulting surfaces were visualized routinely via differential interference 45 contrast (DIC) optical microscopy (Leica DM 4000, Leica Microsystems) and AFM (AFM-tapping mode TM , using RFESP tips on a Veeco Multimode V with Nanoscope V Controller). Topographical images produced via AFM were analyzed via a Matlab program designed in-house. 
Etching of crystal surfaces
Large natural gypsum crystals in the form of selenite (StGobain Gyproc) were broken into manageable pieces (area ≈ 2 cm 2 ) and then cleaved along the (010) plane with a sharp razor blade, to produce clean fresh surfaces largely devoid of 55 macrosteps. In some cases, the two surfaces produced were both studied and considered to be mirrors. 31 This provided a check that etch pits studied were those formed at dislocations running through (essentially perpendicular to) the (010) surface, thereby ensuring that all measurements were made at characteristic pits 60 (see Etch pit visualization and analysis section). The samples were cleaned with a strong burst of ultrapure N 2 gas (BOC) to remove any adhered micro fragments. Next, they were mounted onto a holder with the (010) plane flush to the solution. In order to minimize contamination, samples were handled with tweezers 65 at all times and only fresh cleavages were used.
Etching of individual crystals was carried out in approximately 100 ml of quiescent solution in a glass beaker. Experiments were performed at 24 ±1°C. A freshly cleaved mounted crystal sample was submerged into the solution of interest to achieve complete 70 surface wetting. After a set time, the sample was withdrawn and immediately dried with a strong burst of N 2 gas. The drying took ≈ 3 seconds, which is significantly shorter (by at least an order of magnitude) than the etch process and thus may be viewed as an insignificant contribution to the etch duration. For the dissolution 75 experiments in salt solutions, etched samples were quickly rinsed in water before drying with N 2 gas. This was done to minimize the precipitation of salts on the crystal surface, upon drying with N 2 gas. Again, this process did not significantly influence the etching process. Dissolution experiments were carried out for 80 times in the range between 30 ±3 and 105 ±3 s. It was also important to determine that the surface adjacent to the pits was essentially inert on the time scale of the measurements herein, because this could alter the apparent depths and dimensions of pits measured. To this end, a section of prepared samples was 85 masked off and protected with tape (Scotch TM pressure sensitive tape, 3M) which was carefully removed after dissolution. To locate the region of interest, the surfaces were then visualized quantitatively via DIC microscopy, from which it was found that dissolution features stopped abruptly at the boundary between the masked-off region and the exposed crystal surface. The surfaces were visualized via vertical scanning interferometry (VSI, NT 2000 Surface Profiler, WYKO systems) at a number of 5 places across this boundary so as to measure any global recession of the basal plane. Figure 2 (a) shows a VSI micrograph of the gypsum (010) basal surface after etching for 180 s (longer than the studies in the paper) in pure H 2 O. The irregular elevated region between the masked and reactive areas is residue left after 10 removal of the masking tape. The residue allowed for a clear demarcation between the active and inactive regions over the surface. Figure 2 (b) is a plot of the cross section shown in Figure  2 (a), and highlights a negligible change in global height between the two regions. The average difference in height between the 15 two regions was found to be < 10 nm after etching for 180 s. Since the maximum etching time for dissolution experiments was ≈ 100 s, we could therefore conclude that for the timescale chosen, dissolution was largely limited to the characteristic pits analysed. Most importantly, since the pit depths on this time scale 20 were much more than an order of magnitude larger, we could reasonably assume an inert basal surface for the purpose of analysing pit dimensions.
Theory and simulations
A mass transport model was designed, which prescribed the 25 internal pit surface as a function of time, according to experimental data. The analysis revealed spatially-resolved dissolution fluxes from which local interfacial concentrations were determined. As described herein, this allowed the deduction of the kinetic regime (mass transport control, surface kinetic 30 control, or mixed kinetics/mass transport) and the elucidation of the contributions of dissolution rates in specific directions. Ultimately, the relative contributions of microscopic values to the overall macroscopic measurements were elucidated. Numerical simulations were executed on a Dell Intel core™ 2 Quad 2.49 35 GHz computer equipped with 8 GB of RAM and running Windows XP Professional X64 bit 2003 edition. Modelling was performed using the commercial finite element modelling package Comsol Multiphysics 3.4 (Comsol AB, Sweden), using the Matlab interface. Simulations were carried out with > 27 000 40 tetrahedral mesh elements and mesh resolution was defined to be finest in the vicinity of the etch pit. Simulations with finer meshes were carried out to confirm that the mesh was sufficiently fine to ensure that the predicted solutions were accurate.
The finite element domain shown schematically in Figure 3 (a, 45 b) was used, which approximated the pit reasonably to the monoclinic geometry of the gypsum unit cell and the dimensions of a typical pit at a specific time.
Due to the steep tapering of the experimental etch pit walls, the lateral pit dimensions used for simulations were approximated to 50 the experimental pit dimensions (Figure 3(c) ) taken at 50% pit depth, while pit depth was taken from average depth of the pit (010) face. In addition, the pit profile in the [001] direction (pit length) reasonably followed this geometry (Figure 3(d) ). It was assumed that the distance between etch pits was sufficiently large 55 to avoid overlap of concentration boundary fields between adjacent pits. This assumption is reasonable for the timescale we chose to analyse, coupled with the fact that it was found that the reaction was far from diffusion-control (vide infra). The model could easily be developed to allow for diffusional interaction of 60 material from neighbouring pits if needed in the future. The walls of the cubic simulation domain (Figure 3(a) ) numbered 1-5, define bulk solution conditions governed by equation 2:
where C i,b is the bulk concentration of species i. Boundary 6 represents the inert basal plane and therefore there is no normal 5 flux through the boundary, as described by:
where _ n is the inward pointing unit normal to the surface. Boundaries 7-9 represent the etch pit walls on the (010), (001) and (100) crystal planes, respectively (Figure 3(b) 
Results and Discussion
Etch pit characterisation and analysis We have found that at short times (t < 200 s) in gypsum (010) surface dissolution, the dominant process is the formation and 25 expansion of relatively deep pits. Such pits are known to generally nucleate at dislocation sites emerging at the surface. 6, 18, 38 making the approach advocated here, where one characterises diffusionally isolated pits at specific times, widely applicable. crystallographic directions ( Figure 6 ). This trend in pit growth was typical, and the major (faceted) pit dimensions measured as a function of time, were used to produce direction-dependent dissolution rates and as inputs in simulations. To analyse the pits, we define a dissolution rate (velocity) normal to the main (010) 70 surface v (010) , which essentially corresponds to the rate of nucleation of steps at the dislocation site. 18a While one might expect different velocities at different defects, we found a rather narrow spread of such rates under the high driving conditions of our investigations. Lateral dissolution across the surface was measured in terms of the velocities of the main step orientations The initially isolated pits tended to coalesce typically at times > 15 min in pure H 2 O and > 10 min at IS = 0.2 M (in inert salt solution), which was well beyond the maximum duration used experimentally (≤ 105 ±3 s) for quantitative etch pit analysis. By focusing on short times we are able to consider the development 15 of non-interacting etch pits and, moreover, on this length scale mass transport is strongly diffusional with negligible contribution from (natural) convective effects for the free-etched surfaces.
Etch pit depth, due to dissolution, perpendicular to the (010) plane, was typically in the range 50-530 nm (in pure H 2 O), increasing as the etch time increased. The dimension of a characteristic repeat layer in this direction, comprising one CaSO 4 layer ( Figure 6(b) ) is ≈ 0.4 nm, 39 which suggests that even for the shortest dissolution period (30 ±3 s), the pits analysed were at least 120 monolayers deep. We note that previous in-situ 25 AFM studies 31, 32 have mainly reported only the formation of shallow pits with depths of just a few monolayers. However, these latter measurements were made close to equilibrium over long time periods and targetted small areas of the crystal surface. Shallow etch features of this sort most likely emerge from point 30 defects.
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Step displacement kinetics and analysis These data were obtained from direct measurement of pits via AFM, for all etching solutions used. Lateral measurements of pit expansion from the motion of the [001] and [100] steps were taken at 50% pit depth, while pit depths (dissolution perpendicular to the (010) face) were determined from average pit depth, from the basal floor of the pit to the crystal basal surface. For each etching time, at least three surfaces were etched and, from these, at least three characteristic etch pits were analysed. The displacements plotted in Figure 7 are average values and the 5 error bars represent two standard deviations. Reasonably linear relationships of displacement versus time were found for all directions. Directional dissolution velocities calculated from each of the slopes in Figure 7 are summarized in Table 1 . mM (MINEQL+) with 0.2 M NaNO 3 . However, it is evident that the salt effect is strongly direction-dependent, impacting dissolution for the fast moving [100] step, in particular. This highlights a powerful feature of the methodology described: the ability to readily identify microscopic differences for common 45 processes such as salting-in. Such effects have rarely been examined at the microscopic level and are opened up for scrutiny with the methodology described herein. Conversely, dissolution in solutions containing common ions (Na 2 SO 4 and Ca(NO 3 ) 2 ·4H 2 O solutions) yielded strikingly 50 different velocity trends, despite having similar IS values. Naturally, compared to etching at the same IS with an inert supporting electrolyte (NaNO 3 ), dissolution velocities in all directions are predictably lower for both Na 2 SO 4 and Ca(NO 3 ) 2 ·4H 2 O (common ion effect). However, from Figure 7 55 and Table 1 , it is evident that dissolution velocities in the presence of SO 4 2-ions are significantly higher than values obtained in the Ca
2+
-rich solution for all directions. This observation is particularly striking for dissolution perpendicular to the (010) face of the pit (Figure 7(a) ) where dissolution 60 velocities are more than 4 times higher when etching occurs in the presence of SO 4 2-ion compared to Ca
. These effects can be rationalized generally, because gypsum crystal exhibits a negative ζ-potential in pure H 2 O under standard conditions and over a wide pH range. 42 Thus, in a Ca
-rich solution, the back reaction, 65 characterized by the adsorption of Ca 2+ (and SO 4 2-) on the crystal surface, appears to be enhanced compared to the situation in the SO 4 2--rich solution.
When comparisons can be made to previous studies, the step displacement velocities deduced in this work are higher than 70 those deduced by in-situ AFM. It is also evident from reviewing the literature that AFM has provided a rather wide range of kinetic data, hitherto, even under apparently similar conditions. Thus, at a relative saturation, S = C/C sat = 0.65, where C is the bulk solution concentration, Bosbach and Rammensee also pointed out how the applied force in AFM can greatly influence kinetics measurements. It is evident from this analysis and previous AFM results that step velocities vary by much more than 1 order of magnitude, even under similar undersaturation conditions.
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At first glance, one might attribute the difference between our measurements and previous AFM studies [31] [32] 43 to the fact that AFM has to be conducted at medium to low driving force to deliberately slow the step movement (vide supra). However, if one extrapolates between previous AFM results and our 95 measurements at high driving force, using common rate laws, such as first or higher order dependences of dissolution on (interfacial) undersaturation, then the rates we measure are still higher. Because our measurements show step dissolution kinetics to be very fast, one can reasonably posit that mass transport 100 effects are a major limiting factor in the in-situ AFM environment. Our studies show that the gypsum surface becomes fully reactive in ca. 15 mins at extreme undersaturated conditions. While this time scale will lengthen approaching saturation, the long duration of typical AFM measurements due to the need for thermal equilibration before measurements are made and slow acquisition times, means that the entire gypsum surface is subject 5 to (slow and limiting) planar diffusion with a characteristic diffusion boundary layer of 200 -500 µm. 44 As such, there would be considerable (complete) diffusional cross-talk between neighbouring steps and neighbouring sites across large lateral length scales, and step velocities would be linked intimately to 10 step density.
In contrast, as we further elaborate below, and we highlighted earlier when discussing our methodology, by studying dissolution under conditions where only microscale features are active on an inert surface means that high mass transport rates are delivered to 15 reactive sites. This methodology thus reveals faster intrinsic rates, just as micro-electrodes and nano-electrodes have allowed the exploration of faster surface kinetics compared macroscale measurements.
22, 23
Direction-Specific Dissolution Kinetics
20
Dissolution fluxes normal to specific crystal faces, J (hkl), (mol m -2 s -1 ) were calculated as the product of experimentally deduced dissolution velocities, and the molar density (13400 mol m -3 ) of the crystal. 45 These values are summarised in Table 2 and predictably mirror the trend seen in the displacement velocity 25 measurements (vide supra) such that J (010) < J (001) << J (100) . These direction-specific dissolution fluxes were used in conjunction with the etch pit dimensions as Ca(NO 3 ) 2 ·4H 2 O inputs for the finite element model which predicted the 30 corresponding (Ca 2+ and SO 4 2-) concentration profiles around the pits and, in particular, the interfacial concentration of dissolved Ca 2+ and SO 4 2-at reactive pit faces. From these profiles, the relative importance of mass transport and surface kinetics was elucidated, from which the kinetic (rate-determining) regime 35 could be determined. profile is shown at times of (a) 50 s and (b) 100 s in pure H 2 O. For each specific time, it is evident that the surface concentration profile is heterogeneous over the pit surface, with the highest concentration arising from the fast moving (100) face. At the mid-time in the process (50 s, Figure 8 (a)), it was found that the 50 total average interfacial concentration was 0.17 mM, 0.18 mM and 0.88 mM for the (010), (001) and (100) faces, respectively. The highest interfacial concentration (on the (100) face) equates to ≈ 5.4% C sat indicating that, on this scale, dissolution is essentially controlled by surface kinetics. This is a direct 55 consequence of high mass transport from a microscopically active surface mentioned above. At later times in the dissolution process (100 s, Figure 8(b) ), the surface concentration values increase (as the pit dimensions increase) to such an extent that surface to bulk diffusion becomes more important, particularly for dissolution of 60 the (100) face. Nonetheless, the regime is still far from diffusioncontrol. Note that even using a fast flow channel cell we were unable to measure the intrinsic surface dissolution kinetics for the (001) surface due to mass transport limitations. 30 The fact that we can measure intrinsic kinetics for both the (001) plane and even 65 faster dissolving (100) plane highlights the power of the approach presented, and is a direct consequence of the high intrinsic diffusion rates to microscale reactive features on the surface.
Linking microscopic and macroscopic dissolution kinetics
The average rate (in pure H 2 O) of dissolution from the entire mol m -2 s -1 for dissolution after 50 s and 100 s, respectively. When the relative surface area of individual faces, A (hkl) is considered, these rates suggest that gypsum dissolution at early times (≤ 100 s) is dominated by the edge (100) and (001) planes relative to the basal (010) surface. These average rates decrease 5 with time as a consequence of pit expansion, such that the face area ratios, A (100) /A (010) (and similarly A (001) /A (010) ), decrease significantly as a function of etching duration and, consequently, the contributions from these high flux faces diminish over time. Eventually, at longer times (where the surface is fully reactive) 10 dissolution is dominated by the nucleation of new steps at the basal plane. Under these conditions, the flux from the basal plane is predicted to be J (010) = 4.0 (±0.5) ×10 -5 mol m -2 s -1 which is in good agreement with both our recently measured value 30 and the value suggested by Colombani, 30 who reviewed various previous 15 bulk studies and deduced J = 5 (±2) ×10 -5 mol m -2 s -1 33 by extrapolation of the mass transport rates of many different techniques. The fact that our microscale and nanoscale measurements relate accurately to the bulk dissolution rate provides confidence in our method: we bridge the gap between 20 microscopic phenomena and macroscopic rates. In contrast, AFM measurements 31, 32 are not consistent with macroscopic rates.
29, 30
In light of the work herein, it is evident that the overall flux deduced from macroscopic measurements will necessarily be very sensitive to the microscopic nature of the surface exposed, 25 with [100] and [001] steps and facets, in particular, providing significant local fluxes. Our studies, with the deduction of planespecific and step-specific dissolution kinetics, provides a true value for the dissolution of the (010) surface and a framework for the construction of accurate dissolution models for complex 30 (polycrystalline) materials and single crystal surfaces that might exhibit an abundance of different microfacets. Furthermore, knowledge of intrinsic dissolution kinetics for specific planes and steps, also makes it possible to predict the relative importance of mass transport for different measurement techniques and 35 situations, taking full account of the nature of the exposed gypsum material.
Conclusions
We have described a method for the analysis of characteristic etch pits formed by dissolution of crystal surfaces, that allows 40 microscopic surface kinetics to be deduced, free from diffusional limitations, and linked to macroscopic fluxes in a self-consistent manner. The methodology provides a quantitative interpretation of the relative importance of surface kinetics compared to mass transport in controlling dissolution rates at different crystal facets 45 (steps, planes).
An important aspect of the analysis is that direction-specific reaction rates are deduced directly. For the case of gypsum, at early times in the process, dissolution in all measured directions was predominantly surface-controlled, but the fast moving steps Studies of salt effects have yielded two important new observations for gypsum. First, the addition of an inert salt 70 (NaNO 3 ) results in faster dissolution velocities for all major crystal facets compared to dissolution in pure water, but the magnitude of the salt effect is direction-specific. Second, a brief exploration of common ion effects (Ca 2+ vs. SO 4 2-in bulk solution) has revealed a significant retardation effect of Ca 2+ ion 75 compared to SO 4 2-. This has been rationalized, partly, based on the known (negative) ζ-potential of gypsum, but there are again direction-specific influences. In future studies, it would be interesting to understand the origins of these directional effects, through further microscopic characterization and modelling.
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